A moderately intense 450 fs laser pulse is used to create rotational wave packets in gas phase I2 molecules. The ensuing time-dependent alignment, measured by Coulomb explosion imaging with a delayed probe pulse, exhibits the characteristic revival structures expected for rotational wave packets but also a complex non-periodic substructure and decreasing mean alignment not observed before. A quantum mechanical model attributes the phenomena to coupling between the rotational angular momenta and the nuclear spins through the electric quadrupole interaction. The calculated alignment trace agrees very well with the experimental results.
Alignment of isolated molecules, i.e. confinement of their internal axes to directions fixed in space, by moderately intense laser pulses is considered a well-understood process resulting from the polarizability interaction [1] [2] [3] [4] . In the impulsive limit, where a laser pulse much shorter than the molecular rotational period is used, each molecule is left in a superposition of rotational eigenstates. For the widely studied case of linear molecules and a linearly polarized fs alignment pulse, this wave packet formation causes the molecules to align shortly after the laser pulse and in periodically occurring narrow time windows, termed revivals [5] [6] [7] [8] [9] . In the rigid rotor approximation the revival pattern repeats itself [10] unless the rotational coherence is distorted by e.g. a dissipative environment [11] [12] [13] [14] [15] [16] .
Decades of frequency-resolved high-resolution spectroscopy [17, 18] and time-dependent depolarization experiments on molecules prepared in single rotational states (see Refs. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] for previous examples) have, however, established that a rigid rotor model is insufficient and that a precise description of rotational spectra must include the coupling between rotational angular momentum and electronic or nuclear spin. It is, therefore, surprising that the influence of such effects, notably the hyperfine coupling between the electric quadrupole moment of the nuclei and the electric field of the electrons, has never been addressed in fs-laser-induced molecular alignment studies. In the current work we measured the time-dependent degree of alignment, induced by a 450 fs pulse, for a sample of I 2 molecules covering the first seven rotational revivals. By contrast to the aforementioned depolarization studies, which do not involve coherent superpositions of rotational states, our experiment probes the impact of hyperfine coupling on the revival structures.
Using a quantum mechanical model in conjunction with the experimental results, we find that the hyperfine coupling affects the revival structures in qualitatively different ways compared to the well-understood impact on the "permanent" alignment of a molecule prepared in a single rotational state. Notably, the effect on the permanent alignment is known to be negligible in the limit where the rotational angular momentum is much larger than the angular momentum of the total nuclear spin [29] . By contrast, we find that the hyperfine coupling will always significantly perturb the revival structures over time.
The experimental setup and methods were described previously [32] , so only a few details are pointed out here. A pulsed molecular beam, formed by expanding ∼ 1 mbar iodine gas in 80 bar of He gas into vacuum, enters a velocity map imaging (VMI) spectrometer where it is crossed at 90
• by two pulsed collinear laser beams. The first pulse (kick pulse, λ = 800 nm, τ FWHM = 450 fs, I 0 = 1.1 × 10 12 W/cm 2 ) creates rotational wave packets in the I 2 molecules. The second pulse (probe pulse, 800 nm, 35 fs, 4.3 × 10 14 W/cm 2 ) Coulomb explodes the molecules. This leads to I + ion fragments with recoil directions given by the angular distribution of the molecular axes at the instant of the probe pulse. The emission directions of the I + ions are recorded with a 2D imaging detector at different kick-probe delays, which allows us to determine the time-dependent degree of alignment, cos 2 θ 2D , θ 2D being the angle between the alignment pulse polarization and the projection of an I + ion velocity vector on the detector [33] .
The time dependence of cos 2 θ 2D determined experimentally is shown in black in Fig. 1 . The alignment trace is dominated by the pronounced half and full revivals, but their amplitude decreases with the revival order and their structure is changing. These observations are not caused by experimental factors such as collisions or limited temporal detection windows (see Supplemental Material [34] , which includes Refs. [35] [36] [37] [38] [39] [40] [41] [42] ). For comparison, cos 2 θ 2D calculated by solving the time-dependent Schrödinger equation (TDSE) for a rigid rotor is also shown. It is clear that the decreasing amplitude and changing structure of the revivals observed experimentally is at odds with the calculations. In particular, significant experimental deviations from the calculated results are evident in the higher order fractional revivals, for instance at the 6 + 3 /4 revival the experimental and calculated peaks point in opposite directions.
We now show that the numerical results match the ex- perimental findings to a high degree of accuracy when hyperfine coupling is included in the theoretical model. For I 2 molecules this mainly stems from the coupling between the electric quadrupole moment of the atomic nuclei and the gradient of the electric field created by the electrons. The coupling between the magnetic dipole moment of the nuclei and the B-field from the electrons is much weaker and not included in our model [43] . The total nuclear spin, I, is the sum of the spins of the two atomic nuclei: I = I 1 +I 2 . As a result there are 36 nuclear spin isomers |IM I with 0 ≤ I ≤ 5 and −I ≤ M I ≤ I since the nuclear spin of 127 I is 5/2. We assume that the 36 nuclear spin isomers are initially equally abundant [44] . The rotational wave packet created by the alignment pulse from an initial rotational eigenstate |J i M i is denoted J a J |JM i (M i is not changed due to the linear polarization of the alignment pulse). The symmetry requirements of the total molecular wave function entail that the parity of the I and J states must be the same in a given molecule [44] . Consequently, there are 15/21 para/ortho (even/odd I and J) spin isomers. The coupled spin isomer -rotational wave packet is described as:
where F is the total angular momentum,
In preparation for solving the TDSE, we construct a square matrix H in the |IJF M F basis, with elements given by [45] :
H B describes the rigid rotor Hamiltonian, where B 0 = 1.11863 GHz [35] is the molecular rotational constant of I 2 in the vibrational ground state (centrifugal distortion was found to be negligible [34] ), and H Q is the electric quadrupole interaction component of the hyperfine structure Hamiltonian for a diatomic molecule, where eqQ = −2.45258 GHz [43] is the quadrupole coupling constant. H Q introduces shifts in the diagonal elements of H, and off-diagonal couplings when ∆I = ±2 and/or ∆J = ±2. Generally, H must incorporate all initial states occupied at t = 0 (i.e. those given by the right side of Equation 1), as well as states that may become occupied over time as a result of the off-diagonal couplings. Specifically, it was found that any states that can be reached via inter-I coupling must be included to faithfully reproduce the experimental alignment trace; however, inter-J couplings were found to have a negligible impact on cos 2 θ 2D (attributed to the relatively large energy differences between various J states). As such, the |IJF M F states incorporated in H need only contain J-values that were already present in J a J |JM i .
The TDSE is solved by expanding the full wave function Ψ onto the coupled basis functions, i.e. Ψ (t) = 
. The c k (t) coefficients are found by diagonalizing H to solve the resulting system of coupled linear differential equations. Ψ (t) is then transformed back into the uncoupled representation to calculate the alignment trace, i.e.
Efficient calculation of cos 2 θ 2D is achieved by expanding cos 2 θ 2D onto a basis of Legendre polynomials as described in Ref. [33] , and noting the orthonormality of the |IM I states in Equation 3 .
The alignment trace of any initial J a J |JM i superposition is the equally weighted, incoherent sum of traces generated by coupling to all nuclear spin isomers that symmetry requirements will permit. The complete alignment trace is the weighted incoherent sum of traces from all the different initial J a J |JM i superpositions that exist because of thermal and focal volume averaging, as per the methodology outlined in Refs. [46, 47] .
The simulated alignment trace with the effects of quadrupole coupling included is shown in red in Fig. 1 . Based on previous work in our group, we estimate that the molecules are initially in thermal (Boltzmann) equilibrium at 0.8 K [32] . The minor discrepancy between the theoretical and experimental traces from 0 − 600 ps can essentially be eliminated by fitting the temperature [34] , however this results in a fitted temperature of ∼ 0.4 K, which we believe is unrealistically low.
Let J,J JM J cos 2 θ 2D J M J represent the sum of matrix elements that generates the theoretical alignment trace, where we omit the nuclear spin states and timedependent coefficients in Equation 3 for clarity. The J = J terms are sinusoidal functions oscillating at frequencies proportional to the energy difference between the J and J states. These terms represent the coherence of the wave packet and are responsible for the revivals. In analogy with previous work [11] we refer to their sum as cos 2 θ 2D coh . Conversely, the terms where J = J represent the population of the rotational states and characterize the permanent alignment. Their sum is denoted cos 2 θ 2D perm [11] . Note that the mean alignment of the trace is well characterized by cos 2 θ 2D perm , as this term provides the baseline value around which cos 2 θ 2D coh oscillates. Visual inspection of Fig. 1 indicates that the mean alignment is slightly decreasing from 0 − 1000 ps. This behaviour is attributed to the well-understood fact that quadrupole coupling leads to changes in the M J projection of a single J state due to angular "precession" of the coupled I and J vectors around F (see, e.g., Fig. 1 in Ref. [30] ) and changes in the relative orientation of the individual nuclear spin vectors (which we denote "spin flipping"). Previous experiments on hyperfine-induced depolarization of single rotational states have shown that this effect (hereafter referred to as "precession-type depolarization") leads to a general time-dependent decrease in molecular alignment [19, 20, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Figure 2(a) shows cos 2 θ 2D coh superposed with the sum of J = J trace elements calculated without quadrupole coupling (denoted cos 2 θ 2D eqQ=0 coh ) for comparison. It is seen that the quadrupole coupling also strongly affects the revival structures.
To understand the cause of the amplitude loss and substructure modification in cos 2 θ 2D coh , the effects of precession-type depolarization were artificially suppressed in the model by changing all M J 's in Equation 3 to the M i from the initial J a J |JM i superposition when calculating the JM J cos 2 θ 2D J M J elements (while treating everything else as if the "actual" M J 's are still in place). Surprisingly, this has very little effect on the shape of cos 2 θ 2D coh , indicating that some previously unexplored mechanisms associated with the quadrupole coupling are causing the modulations in the signal.
It is informative to show the quadrupole coupled dynamics of a molecule starting in a single spin isomer/J state combination. In Fig. 3(a) the time evolution of initial state |2, −2 ⊗ |6, 0 is shown projected onto the |IM I ⊗|JM J basis, where the (negligible) effect of inter-J coupling has been suppressed for clarity. The example in Fig. 3 illustrates how the quadrupole coupling will cause each |JM i from the initial J a J |JM i superposition to spread out across a "J-manifold" of coupled states. Also, Fig. 3 shows how all states in a given Jmanifold will have different |IM I . Therefore, orthonormality of the |IM I spin states implies that each state in the J-manifold will combine with at most one state in the J -manifold to yield a nonzero contribution to the alignment trace.
Given two or more superposed J states coupled to the same spin isomer at t = 0, the energy splitting, coupling strength, and number of states associated with each Jmanifold partially depends on J (attributable, e.g., to the appearance of J a,b in Equation 2). Dissimilarities in the energy splitting between different J-manifolds introduces multiple frequency shifts into the components of cos 2 θ 2D coh . The beating caused by the introduction of these new frequencies modulates the alignment trace. We investigated the nature of this frequency beating by artificially suppressing its effect in the model. This was done by eliminating the quadrupole-couplinginduced frequency and phase shifts in the complex arguments of the coefficients governing the time evolution of all |IM I ⊗ |JM J states across all J-manifolds. In this way we calculate a modified trace, cos 2 θ 2D ¬δω coh , where ¬δω indicates that all frequency shifts introduced by the energy splitting have been removed while leaving the J-manifold population dynamics unchanged. A plot of cos 2 θ 2D ¬δω coh is shown in Fig. 2(b) . Comparison of the cos 2 θ 2D coh and cos 2 θ 2D ¬δω coh traces shown in Fig. 2 reveals that the frequency beating plays a significant, but not singular, role in attenuating the peak amplitudes. It is also remarkable that the higher order fractional revivals in cos 2 θ 2D ¬δω coh do not exhibit the deviations and sign changes that are present in cos 2 θ 2D coh . This demonstrates that the complex non-periodic substructures observed in the experimental trace can be solely attributed to the new frequencies introduced into cos 2 θ 2D coh by the hyperfine coupling.
Note that the peak amplitudes in cos
. This is because, as stated earlier, the state population distributions of manifolds with different J will become increasingly dissimilar over time. These asynchronous distributional dynamics cause a net loss of amplitude due to the bijective/injective (one to at most one) way of combining different sets of states associated with different J-manifolds when calculating nonzero contributions to the trace. Experimentally, some of the observed peak attenuation may in principle be caused by I 2 molecules in vibrationally excited states. Our analysis shows, however, that the potential impact is minor [34] .
It has been remarked that precession-type depolariza- tion in single J states is most significant when the coupled I and J vectors have similar magnitudes [29] . Conversely, our analysis suggests that the observed modulations in the revival structures of cos 2 θ 2D coh are not directly contingent on the magnitude of I or J. Therefore, we investigate what happens if rotational wave packets containing larger J are created. To this end, we simulated the effects of quadrupole coupling in I 2 molecules aligned with pulses up to 9× more intense than used in the current experiment.
Increasing the pulse intensity leads to initial revival peaks with larger amplitudes, as well as a higher level of mean alignment. The early decrease in mean alignment observed in the experiment becomes less pronounced at higher intensities, and for all intensities the mean alignment is nearly constant when t > 1 ns. Additionally, it was found that for all intensities the revival structures always decay into what resembles low amplitude unstructured "noise", however this decay takes longer for more intense pulses, as illustrated in Fig. 4 [34] . These observations agree qualitatively with our expectations, i.e. the classical model of precession predicts that cos 2 θ 2D perm will change less for wave packets with large J, whereas the scrambling/attenuating effects of the frequency beating and asynchronous dynamics will accumulate over time and eventually dominate the cos 2 θ 2D coh component of the trace regardless of the magnitude of the J-values present in the wave packet.
In closing, we note that the alignment trace of any molecule containing heavy atoms (e.g. I or Br) with large quadrupole coupling constants is expected to show similar deviations from the rigid rotor approximation when excited into a coherent superposition of rotational eigenstates.
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